The degree to which stigmas are exserted above the stamen in flowers is a key determinant of cross-pollination (and hence allogamy) in many plant species. Most species in the genus Lycopersicon are obligate or facultative outcrossers and bear flowers with highly exserted stigmas. In contrast, the cultivated tomato (Lycopersicon esculentum) bears flowers with flush or inserted stigmas promoting self-fertilization. It has been observed that a major QTL, se2.1, on chromosome 2 is responsible for a large portion of phenotypic variation for this trait and that mutation(s) at this locus were likely involved in the evolution from allogamy to autogamy in this genus. To understand the genetic and molecular basis of stigma exsertion, we have conducted a high-resolution mapping at the chromosome region harboring the se2.1 QTL. The results indicate that this is a compound locus, comprising at least five tightly linked genes, one controlling style length, three controlling stamen length, and the other affecting anther dehiscence, a taxonomic character used to distinguish Lycopersicon species from other solanaceous species. This cluster of genes may represent the vestiges of an ancient coadapted gene complex in controlling mating behavior.
O UTCROSSING is an important and widespread
surface is either exserted above the anthers (promoting strategy for maintaining genetic variability in popoutcrossing) or recessed below the anthers (promoting ulations of sexually reproducing organisms (Barrett self-fertilization; Rick et al. 1977; Barrett 1992; Motten 2002) . Unlike animals, most plants are hermaphroditicand Antonovics 1992; Karron et al. 1997 ; Richards producing flowers with both male and female sex or-1997; Motten and Stone 2000). gans. As a result, most plants are potentially capable of
The tomato genus Lycopersicon is ideal for the studself-reproduction. Genetically controlled self-incompaties of floral variation associated with changes in mating ibility is a common mechanism in many plants, which system. It is composed of nine species that cover the full prevents self-fertilization and hence enforces outcrossrange of mating systems: allogamy (obligate cross-polliing. Two of the most common self-incompatibility mechnation, enforced by gametophytic self-incompatibility), anisms are sporophytic and gametophytic (de Nettanfacultative allogamy (self-compatible but with a wide variacourt 1977). Sporophytic self-incompatibility has been tion in cross-pollination rate), and autogamy (obligate selfthoroughly studied in the crucifers, where both the fefertilization; Table 1 ; Rick 1988) . Tomato species can be male (Stein et al. 1991 ) and the male (Schopfer et al. roughly classified into three categories according to the 1999) components on self-incompatibility have been degree of stigma exsertion. The first category is largely cloned. Gametophytic self-incompatibility is common outcrossing species bearing flowers with highly exserted in the nightshade family Solanaceae, where the female stigmas and includes Lycopersicon chilense, L. peruvianum, components have been cloned and characterized at the L. pennellii, L. hirsutum, and L. chmielewskii (Rick and molecular level (McClure et al. 1989) .
Lamm 1955; Rick et al. 1976; Rick 1982) . It should be While self-incompatibility is able to block self-repronoticed that L. chmielewskii was classified as facultative duction (autogamy), it is not sufficient to ensure crossallogamy, unlike the other tomato species in this catepollination (allogamy). Conversely, lack of self-incomgory, because L. chmielewskii is self-compatible. L. pimpipatibility does not guarantee self-fertilization. Changes nellifolium represents the secondary category and varies in floral morphology are normally required to promote greatly among accessions with respect to stigma exsereither autogamy or allogamy (Kalisz et al. 1999) . One tion and outcrossing rate (Rick et al. 1977) . The third common floral polymorphism associated with change category, L. parviflorum, L. cheesmanii, and the cultivated in mating system is the degree to which the female stigma tomato (L. esculentum), produces flowers in which stigma surface is only slightly exserted, flush, or recessed with respect to the anther cone, promoting self-fertiliza-1 Fulton et al. 2002;  http:/ / www.sgn.cornell.edu). Molecular markers were also derived from the end sequences of tomato bacterial artificial chromosome (BAC) clones LE136C06 and LE27H05, which were isolated from a BAC library constructed by Budiman et al. (2000) the phylogenic relationships ( 1988), only recently have studies begun to address the as described by Woo et al. (1994) . All the molecular markers genetic basis for the accompanying shift from exserted were used as RFLP probes for mapping experiments. DNA stigmas to flush or inserted stigmas. Early reports sugfrom seedling leaf tissue was extracted as described by Fulton et al. (1995) .
gested that stigma exsertion is quantitatively inherited Scott and George 1978; Levin et al. 1994) . With the and was generated as described previously in a cross between advent of molecular linkage maps, it has been possible the domesticated tomato (L. esculentum) cv. M82-1-8 and the wild tomato species, L. pennellii (Eshed and Zamir 1995 and F 3 plants were grown in a greenhouse to avoid cross-T497 ( Figure 2B ) was generated by screening 287 F 3 plants derived from a single F 2 recombinant plant containing the pollination by insect pollinators. Flower traits were evaluated as at midday on the day of anthesis and inserted, pedicel-side down, in a water-soaked sponge to keep fresh before disdescribed above by measuring five flowers from each plant. The least-squares mean of each trait was calculated for each secting. The pistil and stamen cone were separated from each flower and their images were scanned (Astra 600S, UMAX recombinant family using SAS v8.2 software. Pairwise comparisons between different genotypes were conducted using TuData System) with 800-dpi scanning resolution and saved as JEPG files. Measurements were taken from scanned images key's studentized range test to control experimentwise type I error rate at significance level Ͻ0.05 (Table 2 ). Dominance using Adobe Photoshop v5.5 software. Flower traits were evaluated by measuring 10 flowers from each plant. Style length was also measured by the ratio d/a, where d is the difference between the phenotypic mean of the heterozygous genotype and ovary length measurements were taken from each flower with accuracy Ϯ0.05 mm. The length of a single, random and the average of the phenotypic means of the two homozygous genotypes and a is half of the difference between the stamen was also measured from each flower. The stamen length subtracted from the sum of the style length plus the phenotypic means of the two homozygous genotypes. ovary length was used to calculate stigma exsertion. Anther dehiscence was also measured. Anther dehiscence is defined as the degree to which the tips of the stamen curve outward RESULTS AND DISCUSSION and can enhance the extent of stigma exsertion ( Figure 1A ). Anther dehiscence was scored as 0 for straight stamen tip or as
The segment of DNA corresponding to the stigma of genome represented by the IL2-5 introgression and, splayed apart at the tip of the anther cone and is highly correlated with the ease with which the anthers separate as will be shown shortly, is likely attributable to a single gene.
from one another ( Figure 1A ). PE groups represent the recombinants containing L. pennellii DNA from the proxiGenetic dissection of the stigma exsertion-containing region of chromosome 2: To fine map the se2.1 QTL, mal (centromeric) end of the introgression (TG493) up to the recombination point. EP groups represent the a large F 2 derived from a cross between IL2-5 and M82 was screened with molecular markers (TG469 and recombinants containing L. pennellii DNA from the distal (telomeric) end of the introgression (CT59) down TG167) that bracket the region thought to encompass the QTL (Bernacchi and Tanksley 1997; to the recombination point ( Figure 2A ). A statistical comparison of each group with the M82 and IL2-5 conal. 1997; Figure 2A ). From 1535 F 2 plants, 123 recombinants were confirmed. Further genotyping of the recomtrols allowed fine mapping of each trait in the TG469-TG167 interval ( Figure 2C ). binant individuals with 40 markers known to be in the interval allowed ordering of those markers and conOn the basis of analysis of these recombinants it was possible to deduce that a major genetic determinant of struction of a high-resolution genetic map for the region ( Figure 2B ). The marker order in this study is consistent stigma exsertion resides in the 0.23-cM interval bounded by markers T1301 and CT9 ( Figure 2 ). In support of with the previous published map; however, due to the very large number of F 2 plants examined, the map resothis hypothesis are the following observations. Recombinants in the PE1-7 intervals all displayed stigmas signifilution is greatly enhanced in this area Fulton et al. 2002 ; http:/ /www.sgn.cornell.edu/).
cantly less exserted than those of the IL2-5 parent, but similar to those of the M82 parent ( Figure 2C ). ConThe major difference between the earlier published high-density map and the current study is that the geversely, recombinants in the PE9-12 intervals had stigma exsertion values similar to those of the IL2-5 parent, but netic distance between TG469 and TG167 is 4 cM in this study and is approximately ninefold reduced compared significantly greater than those of the M82 parent ( Figure  2C ). Examination of the reciprocal recombinants rewith the earlier study . It is a well-documented phenomenon that recombination is vealed that most of EP1-7 recombinants had stigmas significantly more exserted than those of M82 and simireduced in the regions of the genome introgressed from wild species (Rick 1969; Alpert et al. 1995; Fridman et lar to those of IL2-5; and conversely most of EP9-12 recombinants had stigmas significantly less exserted than those al. 2000).
A total of 123 F 4 homozygous recombinant families of IL2-5 and similar to those of M82 ( Figure 2C ). Moreover, the major cause of the stigma exsertion mapping were phenotypically evaluated for stigma exsertion, style length, ovary length, stamen length, and anther dehisto the TG469-TG167 interval appears to be style length, since the major determinant of style length also maps cence ( Figure 1A ) and, for statistical analyses, were divided into 27 groups (PE1-PE14 and EP1-EP13; Figure  precisely to the same interval as stigma exsertion ( Figure  2C ). Hence, we refer to this locus as style 2.1. 2C) based on their marker genotypes. Anther dehiscence was recorded at the degree to which the anthers Fine mapping of the style 2.1 locus: As described . Two short bars to the left show the location of se2.1 QTL from two previous mapping studies (Bernacchi and Tanksley 1997; Fulton et al. 1997) . The white triangle inside a bar represents the location of the most significant marker associated with stigma exsertion in each study. Two arrow bars to the right show the portion of the L. pennellii introgression region (gray) in the PE and EP recombinant groups (esc, L. esculentum cv. M82 DNA; penn, L. pennellii DNA). (B) The high-resolution genetic map between markers TG469 and TG167 derived from this study. The order and map distance between markers is based on 123 crossovers in the interval derived from the screening of 1535 F 2 plants. Markers separated by commas cosegregate. Bars on the left indicate the location of loci as deduced from this study: style length (style2.1), stamen length (stamen2.1), and anther dehiscence (dehiscence2.1). (C) The phenotypic means of each trait in different grouped recombinant families. PE groups represent the recombinants containing pennellii DNA from the proximal end of the introgression (TG493) down to the recombination point. EP groups represent the recombinants containing L. pennellii DNA from the distal end (CT59) up to the recombination point. The two numbers in parentheses represent the number of recombinant families in PE type (the first number) or in EP type (the second number). The numbers in parentheses after IL2-5 and M82 represent the number of the replicated control plants.
above, there is strong evidence for a locus (style 2.1) in the T1301-CT9 interval, were evaluated over the 2 years-a subset of 5 lines in 2001 and all 13 lines in the T1301-CT9 interval controlling style length, which is a major cause of stigma exsertion. To further charac-2002. Five of these lines correspond to the 4 PE8 lines (TA1868, TA1876, TA1879, and TA1882) and 1 EP8 terize and fine map this locus, more detailed evaluations were made for all recombinants in the T1301-CT9 interline (TA1996) represented in Figure 2C In total, 13 F 4 lines, with independent crossovers in from a screen of an additional F 2 population. Each re- combinant F 4 line, along with the two parental controls, imal (centromeric) end of the introgression up to the crossover point represented by TA3025 ( Figure 3B ). All was represented by 18 single-plant replications. Each plant was evaluated for stigma exsertion, style length, of these lines had style lengths similar to those of M82 but significantly shorter than those of IL2-5 in one or both ovary length, and stamen length as described in materials and methods. years ( Figure 3B ). These results indicate that style2.1 is located distal to marker LE136C06R and the crossover Phenotypic values for all recombinants were statistically compared with the M82 and IL2-5 controls for both 2001 point represented by TA3025 ( Figure 3B ). Recombinant lines TA3034, TA3037, TA1879, TA1876, and TA1882 conand 2002 data (Figure 3) . Recombinant lines TA1868, TA3031, and TA3025 contain pennellii DNA from the proxtain pennellii DNA extending distally (toward the telomere) from the TA3025 crossover point. All of these lines prolength (or both) can affect the degree to which the stigma surface extrudes above the anthers. As described duced styles similar in length to those of IL2-5 but significantly longer than those of M82 ( Figure 3B ). These comearlier, a comparison of M82 and IL2-5 revealed that the stigma exsertion QTL mapping to chromosome 2 is bined results indicate that style2.1 is located in the interval bounded by markers LE136C06R and LE27H05R and bemodulated by both style length and stamen length-the former being the more significant and the latter being tween the crossover points represented by lines TA3025 and TA3034 ( Figure 3B ). This conclusion is reinforced more environmentally sensitive (see previous section). The fact that M82 and IL2-5 differ for stamen length by examining the reciprocal (EP) recombinants. For example, TA3028 and TA3046 contain pennellii DNA from indicates one or more genes controlling this trait are located in the region of chromosome 2 encompassed by the distal (telomeric) end of the introgression up to the crossover point represented by TA3046 ( Figure 3B) . the IL2-5 introgression.
In an effort to determine the genetic basis of the stamen As expected, both of these lines produced styles similar to those of M82 and significantly shorter than those of length difference between IL2-5 and M82, we first examined the phenotypes of recombinants throughout the IL2-IL2-5 (Figure 3) . TA3043, TA3040, and TA1996 contain pennellii DNA extending proximally (toward the centro-5 region (Figure 2 ). The most striking observation from this data is that recombinants containing pennellii DNA mere) from the TA3046 crossover point, and all but TA3040 produced styles similar in length to those of from the proximal (centromeric) end of the introgression (PE) consistently produced stamens shorter than IL2-5 and significantly shorter than those of M82. Together, these data support the placement of style2.1 in those of their reciprocal counterparts (EP), which had pennellii DNA extending from the distal (telomeric) end the LE136C06R-LE27H05R interval (Figure 3) . The marker LE136C06R corresponds to the right end of a of the introgression (Figure 2) . A paired t-test (using reciprocal recombinants as pairs-e.g., PE1 vs. EP1, PE2 120-kb BAC (LE136C06). The marker LE27H05R corresponds to the right end of a second, shorter (65 kb) vs. EP2, etc.) revealed that these differences are highly significant (P Ͻ 0.05; Table 3 ). This result can be ex-BAC (LE27H05). On the basis of the sizes of the two BACs and the fact that BAC LE27H05 is encompassed plained by two equally likely hypotheses-the existence of a stamen length gene either on the proximal end entirely by BAC LE136C06 (data not shown) we estimate that the LE136C06R-LE27H05R interval containing (beyond marker TG469 and toward the centromere) or on the distal end (beyond marker TG167 and toward style2.1 is Ͻ55 kb ( Figure 3A) . The fact that the genetic determinant of style length maps as a single locus in a the telomere) of the IL2-5 introgression. In the first case (gene on the proximal end) the pennellii allele very small genetic and physical interval suggests that this aspect of stigma exsertion is likely controlled by a single would need to specify stamens shorter than those of the esculentum allele. In the second case (gene on the distal gene, rather than by several linked genes.
The long style allele of style 2.1 is dominant to the end), the pennellii allele would need to specify stamens longer than those of the esculentum allele. The fact that short style allele: To determine the gene action of the short and long style alleles of the style2.1 locus, a subNIL IL2-5 has shorter stamens than M82 supports the first hypothesis-a gene on the proximal end for which the line containing pennellii DNA only for the 0.56-cM interval bounded by markers TA1301 and T497 was isolated pennellii allele specifies shorter stamens. This hypothesis predicts that stocks containing the pennellii allele at the (see materials and methods for details). From F 2 progeny derived from a cross of this subNIL and M82 style2.1 locus, but esculentum DNA at the putative stamen length locus proximal to TG469, should have lessit was possible to isolate multiple individuals for all three genotypes (homozygous L. esculentum, homozygous L.
exserted stigmas than stocks containing the pennellii allele at both loci. The short introgression stock (TA3178), pennellii, and heterozygous). In 2001, these lines were evaluated in replicated field trials for style length, ovary generated for the evaluation of style2.1 gene action contains pennellii DNA at style2.1, but M82 DNA for TG469 length, stamen length, and stigma exsertion. Heterozygous individuals produced styles indistinguishable in and beyond (see previous section). As predicted, this stock has less-exserted stigmas (Ϫ0.002 cm; Table 2 ) length from individuals homozygous for pennellii DNA (Table 2 ). However, individuals homozygous for esculenthan IL2-5 (0.11 cm; Figure 3B ). On the basis of these combined lines of evidence, we hypothesize the existum DNA produced styles significantly shorter than those of either of the aforementioned genotypes (Table  tence of a stamen length-controlling locus (hereafter referred to as stamen2.1), located at the proximal end 2). On the basis of these data the gene action (d/a) of the pennellii allele was calculated to be 1.07-a finding of the introgressed segment and between markers TG469 and TG266 ( Figure 2B ). indicative of complete dominance of the long style (pennellii) allele (Table 2) .
A more detailed analysis of stamen phenotypes for recombinants in the PE8 interval also supports the exisEvidence for several linked loci controlling stamen length: Stigma exsertion is a composite trait-the intertence of the stamen2.1 locus and also suggests the existence of two additional stamen length genes closely play between the length of the styles and anthers in a flower. Hence, variation in either stamen length or style linked to style 2.1. In the 2001 trial of PE8 recombinants, Means with a different letter for each trait are significantly different (P Ͻ 0.05).
IL2-5 produced stamens significantly shorter than those longer stamens. While this explanation is plausible, it is contingent upon a very low probability event-a crossof M82 ( Figure 3B ). In this same year, the PE8 recombinants (with pennellii DNA from the proximal end of the over in a gene that results in a dysfunctional chimeric gene. An additional piece of information from the gene introgression containing the stamen2.1 locus) all produced stamens with lengths similar to those of IL2-5 but much action study may also support the two-gene (stamen2.2 and stamen2.3) hypothesis. The short introgression stock shorter than those of M82. This would be expected if the pennellii allele for stamen2.1 specified short anthers (TA3178) used for the evaluation of style2.1 gene action contains pennellii DNA at not only style2.1, but also the (compared with the esculentum allele). The only exception to this observation was TA1876, which also contains hypothetical stamen2.2 and stamen2.3 loci. While the gene action for style2.1 was dominant (which is consispennellii DNA from the proximal end of the introgression, but has a point of recombination between markers tent with a single gene), stamen length showed a highly significant overdominant (heterotic) gene action (d/a ϭ LE27H05L and LE136C06L. This line was unusual in that it produced stamens significantly longer than those 23) that could be explained by two loci (e.g., stamen2.2 and stamen2.3) each with dominant (or partially domiof IL2-5 and similar to those of M82, despite the fact that it contains the pennellii allele for stamen2.1 ( Figure  nant ) alleles in cis with recessive (or partially recessive) alleles (Table 2 ). This interpretation is consistent with 3B). We can imagine two genetic models to explain these data-both require the existence one or more the dominance model for heterosis, which is now supported by a larger body of empirical data (Xiao et al. stamen length loci in the LE27H05L-LE136C06L interval. The first model hypothesizes the existence of two 1995; Stuber 1997; Monforte and Tanksley 2000) . The overdominance effect is not readily explained by the sintightly linked stamen length loci in the interval. We designate these hypothetical loci as stamen2.2 (more gle-gene model. While the issue of one stamen length gene vs. two tightly linked genes in the LE27H05L-LE136C06L proximal) and stamen2.3 (more distal). For stamen2.2, the pennellii allele would need to specify longer stamens interval requires further study, the parsimony principle favors the two-gene model. than those of the esculentum allele and the reverse would need to be true for the stamen2.3 locus. When these alleles Anther dehiscence is controlled by a locus tightly linked to, but separated from style2.1: IL2-5 produces dehiscent are in cis they would largely balance out each other's effects. However, a recombination between these loci, which anthers similar to L. pennellii whereas M82 has fused, straight anthers characteristic of the cultivated tomato and would put the pennellii and esculentum alleles in cis could potentially generate longer or shorter stamens. TA1876
other Lycopersicon species (see previous section). On the basis of the analysis of recombinants in the IL2-5 region, is the only stock containing a crossover in the LE27H05L-LE136C06L interval. If the crossover in TA1876 ocit is possible to conclude that the genetic cause of anther dehiscence maps to the TG131-CT1 interval, which is curred between the hypothetical stamen2.2 and stamen2.3 loci, it would contain a pennellii allele at stamen2.2 1.22 cM from the style2.1 locus ( Figure 2B ). This conclusion is based on the following observations. Recombiin cis with an esculentum allele at stamen2.3-both of which would specify longer stamens, explaining the long nants in the PE1-3 intervals produce fused, straight anthers similar to the M82 parent but significantly different stamen phenotype of TA1876.
An alternative explanation for these observations from IL2-5, which produces dehiscent, curved anthers ( Figure 2C ). Conversely, recombinants in the PE4-14 inwould be for the existence of a single stamen length gene in the LE27H05L-LE136C06L interval. In this tervals displayed fused, straight anthers, similar to IL2-5 but significantly different from M82 ( Figure 2C ). Examimodel, the crossover in TA1876 would have to result in an inactivation or modified gene that must then cause nination of the reciprocal recombinants revealed that all tics through coadaptation if they mechanically held together on a chromosome usually inherited as a unit.
Paired t-test for stamen length between
Despite the early prediction of coadapted gene com- entiation in animals. Only in this case, the preference for mating between individuals is governed by discrete polymorphisms for floral morphology [for review see recombinants in EP1-3 intervals had dehiscent, curved anthers similar to IL2-5 but different from M82. ConBarrett (1992) and Richards (1997) ]. Distyly is the simplest and more widely occurring form of heterostyly versely, all recombinants in EP4-14 intervals had fused, straight anthers similar to the M82 parent but signifiand was first described and studied in depth by Darwin (1877) in the genus Primula. With distyly, two types of cantly different from IL2-5. We hereafter refer to this stamen architecture locus designated to the TG131-CT1 plants occur in a population, those with long stamens and short styles, and those with short stamens and long interval as dehiscence2.1.
The stigma exsertion region of chromosome 2-remstyles. Because of the different juxtaposition of stigma and anther, mating via insect pollinators is favored benants of a coadapted gene complex? In the current study, the phenotype of the stigma exsertion QTL origitween the two different flower morphs rather than between individuals of the same morph. Genetic and develnally reported on chromosome 2 may be the result of the action of up to five linked genes, style2.1, stamen2.1, opmental studies have shown that distyly is likely due to tightly linked genes affecting both stamen and style stamen2.2, stamen2.3, and dehiscence2.1-all with potential to affect stigma exsertion and hence mating behavdevelopment (Stirling 1932; Ernst 1955; Dorwrick 1956) . However, despite the fact that heterostyly is one ior. These genes affect three different characters/components of stigma exsertion. style 2.1, with by far the of the longest known purported examples of a coadapted gene complex in eukaryotes, the genes underlylargest effect, controls the length of styles. stamen2.1, stamen2.2, and stamen2.3 all affect stamen length; howing this phenomenon have not yet been identified. While the current study was directed toward underever, from the data presented, it is not possible to determine whether or not these genes exercise their control standing the genetic and molecular events that facilitate the transition from outcrossing to self-pollinating speon stamen growth through common developmental mechanisms. Finally, dehiscence2.1 controls the degree to cies, we cannot help noting some striking similarities between the genetic control of this phenomenon and which anthers adhere to each other and thus form either a straight anther cone (as seen in L. esculentum and most that of heterostyly. We show herein that that modulation of stigma exsertion in tomato is due to a major gene other tomato species) or loosely connected, curved anthers, which might exaggerate stigma exsertion.
for style length (style2.1) as well as closely linked genes controlling stamen length (stamen2.1, stamen2.2, and The cluster of genes controlling various aspects of stigma exsertion reported herein is reminiscent of "costamen2.3) and stamen architecture (dehiscence2.1). The tight linkage of genes controlling style and stamen adapted gene complexes" or "supergenes" conjectured since the early days of genetics. Darlington and length is hypothesized to form the genetic basis of the heterostyly coadapted gene complex. Whether the clusMather (1949) proposed that such groups of genes might cooperatively produce some adapted characterister of genes controlling stigma exsertion in tomato
